Introduction
Blood analyses are important for disease diagnosis and health monitoring. The simplest commercialized point-of-care tests are based on lateral flow assays, such as those used to detect HIV antibodies. 1, 2 Various microfluidic devices for blood analyses have been developed. [3] [4] [5] [6] [7] [8] These microfluidic devices have the ability to quickly measure analytes from small volumes of blood. For example, immunoassays, which enable the detection of clinically important analytes such as disease biomarkers, are important analytical methods for clinical diagnosis. The microchip-based enzyme-linked immunosorbent assay (micro-ELISA) was developed to analyze proteins from approximately 5 μL of plasma in approximately 12 min. 9 Although analytes in microliter volumes of whole blood have been measured by microfluidic devices for blood analysis, a large volume of whole blood is necessary for the separation of plasma and blood cells due to the conventional centrifugation method. In order to realize fully automated microfluidic devices for blood analysis from small volumes of whole blood, researchers must develop highly efficient separation methods for plasma and blood cells in order to minimize the volume and analysis time.
Many researchers have reported plasma separation from blood by utilizing microchips. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Plasma has been isolated by various methods: through an external force in the case of centrifugation, 7, 10 or through capillary force, 11 dielectrophoresis, 12,13 magnetophoresis 14, 15 and acoustophoresis, 16 filtration by microbeads, 17 and others. [18] [19] [20] [21] [22] Compact-disk-type microchips for plasma separation utilize centrifugation for accelerating the sedimentation of erythrocytes and metering the plasma or capillary force for the extraction of plasma. 7, 10, 11 However, these methods lead to the rupture of blood cells owing to high shear forces. Partial separation of plasma from whole blood has been demonstrated in laminar flow and in acoustophoresis. 16 The plasma was separated by the enrichment of erythrocytes around the node in the middle of the microchannel. Although plasma was separated with very few blood cells, the separation volume percentage was not appraised. A porous filtration technique using microbeads was necessary to dilute the blood, owing to the clogging of blood cells. 17 A technique based on a planar microfilter structure in a cross-flow driven by capillary forces was proposed in order to avoid clogging. 18 The disadvantage of this technique was that the amount of the separated plasma was limited to 50 nL. Conversely, plasma separation methods from diluted human whole blood in a cross-flow under continuous flow conditions have been demonstrated. 20, 21 The Zweifach-Fung effect has also been used for plasma separation from diluted whole blood. 22 However, the plasma selectivity using this technique was almost 100% and the plasma separation volume percentage was still less than 20%. Therefore, obtaining both a high plasma separation volume percentage and cell-free plasma separation from a small volume of human whole blood has not yet been realized.
Simple operation principles and designs for plasma separation are preferable in order to realize an effective point-of-care device. One of the approaches has been to utilize both the hydrodynamic effect and a microchannel structure. It is well known in the field of biorheology that axial migration of erythrocytes by a hydrodynamic effect becomes tangible in a 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Highly efficient cell-free plasma separation from 200 μL of human whole blood was realized via axial migration of blood cells and cross-flow filtration in a microchip. Although various analyses of small volumes of blood have been reported, a large volume of blood is necessary for obtaining blood cells and plasma for the conventional plasma separation technique of centrifugation. A highly efficient plasma separation method using small volumes of blood without hemolysis is an important issue. We developed a plasma separation method based on a microchip with a filter, which utilizes the axial migration of blood cells observed in blood vessels. Clogging and hemolysis on the filter can be prevented by the axial migration of the blood cells. Using this method, 65% of the plasma from 200 μL of whole blood was successfully separated without hemolysis. When the plasma separation microchip interfaced with a micro-ELISA system was applied to C-reactive protein (CRP) analysis, the CRP concentration obtained by the microchip showed good correlation with that obtained by conventional centrifugation. Total analysis time, including plasma separation, was achieved in only 25 min. Original Papers microvessel. 24 As a result, layers without erythrocytes, which are referred to as plasma layers, are formed near the blood vessel walls. The axial migration is considered to occur by viscous lift force, 25 and the movement depends on the magnitude of the shear force. 26 However, high shear force causes hemolysis, which interferes with the analysis of plasma for components such as prostate-specific antigen (PSA), cortisol, Troponin T, lactate dehydrogenase, iron, and uric acid due to dissolution of the intracellular components of blood cells, structural proteins, enzymes, lipids, and carbohydrates. [27] [28] [29] Hence, obtaining a high plasma separation volume percentage without clogging and hemolysis is required. Here, we report the use of a microchip for a cell-free plasma separation method from whole blood without hemoloysis by utilizing both the hydrodynamic effect of blood cells and cross-flow filtration. The dependence of axial migration on shear rate was examined by microscopic observation in a microchip with a filter. Hemolysis in the separated plasma was analyzed by absorbance of hemoglobin. Dependence of the separation volume percentage on hydrodynamic resistance and shear rate was examined. Finally, the plasma separation microchip interfaced with a micro-ELISA system was applied to C-reactive protein (CRP) in blood to demonstrate the integration of both the plasma separation and the analytical technique.
Theory
Human whole blood consists of erythrocytes, leucocytes, and platelets. The leucocytes and platelets are small in number and follow the streamline of the blood. It has been reported that the behavior of erythrocytes is complex because of some of their physical properties, such as membrane shear elasticity, deformability, and the viscosity ratio between the inner and outer fluids. In the case of large inertial forces such as significant differences in the density of the surrounding fluids and particles, the spherical particles or cells migrate centrally by the inertial lift force. [30] [31] [32] By using the inertial lift force, researchers have explained particle filtration and separation in microfluidic devices. 31, 32 However, in the case of small inertial forces such as insignificant differences in the density of the surrounding fluids and particles, which correspond to the blood cells, the inertia decreases. Therefore, the inertial lift force is not effective for the axial migration of the erythrocytes. When the shear rate is large, the erythrocytes align to the flow direction and generate tank-treading motion. Axial migration of the erythrocytes in microchannels occurs due to the viscous lift force. 25 Faivre et al. demonstrated the axial migration of the erythrocytes in a microfluidic device having a geometrical constriction. 26 Although the rigid microsphere followed the streamlines, the non-spherical and deformable erythrocytes around the wall, where the shear rate was high, migrated away from the wall. Abkarian et al. expressed the relationship of the lift force Fl to the deformable vesicles under a tank-treading motion as follows:
where μ, R, h and γ correspond to the viscosity of the fluid, the effective radius of the vesicles, the distance between the vesicle and wall, and the shear rate, respectively. The value f(ν) is a dimensionless function of the reduced volume defined as the ratio of the volume of the particle relative to the volume of the sphere with the same surface. The shear rate increases close to the microchannel wall and decreases around the center of the microchannel in the laminar flow regime. 34 The equation shows that deformable vesicles migrate toward the center of the microchannel, resulting in a plasma layer around the microchannel walls. Therefore, in order for us to utilize the axial migration in plasma separation, the shear rate is the most important parameter. Figure 1 illustrates the principle of plasma separation utilizing the lift force. A lower microchannel with only an outlet was fabricated along with an upper long microchannel having both an inlet and an outlet. A filter consisting of a porous membrane was set between the two microchannels. First, the whole blood flows only in the upper microchannel. The plasma layer is formed in the upper microchannel. In the downstream part of the upper microchannel, the upper and lower microchannels contact each other through the filter. Then, plasma, leucocytes, and platelets near the filter flow down to the filter. Only the plasma gradually flows down to the lower microchannel through the filter because the erythrocytes flow away from the filter, and leucocytes and platelets are filtered. When the flux of the down flow is large, the blood cells flow down to the filter. This causes clogging of the filter and hemolysis. When the flux of the down flow is moderately small, the blood cells flow in the upper microchannel. Therefore, the blood cells migrate toward the center of the microchannel by the viscous lift force and the plasma layer is maintained. This effect can prevent the clogging of the filter by blood cells and hemolysis. Therefore, the separation efficiency strongly depends on the hydrodynamic resistances and the shear rates of the two microchannels.
Experimental

Reagents and chemicals
Octadecyltrichlorosilane (ODS) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Heparin was purchased from Mochida Pharmaceutical Co., Ltd. (Tokyo, Japan). Heparin was mixed with human whole blood obtained from a male volunteer. All procedures regarding human blood followed Institutional Review Board (IRB) protocols and received an approval (IRB 09-7). Saline solution was purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). Hemoglobin B Test Kit was purchased from Wako Pure 
Fabrication
The microchips were fabricated using a photolithographic wet-etching method, as previously reported. 35 Briefly, the positive photoresist material was spin-coated onto the Au/Cr-coated glass substrates, and UV light was exposed through a photomask to transfer the channel patterns onto the photoresist material. The UV-exposed photoresist material was developed, and the metal layers were etched through the pattern. The microchannel was etched into the patterned substrates by immersion in a hydrofluoric acid solution, and the remaining photoresist material and metal layers were removed completely. The two glass plates with the microchannels were modified with octadecyltrichlorosilane (ODS) by dipping the plates in a 1% ODS toluene solution. The surfaces on the microchannels were made hydrophilic by irradiation with vacuum UV light (= 172 nm) through the mask. 36 
Operating procedure
The experimental setup for flow control was similar to that described in our previous paper. 37 The upper and lower plates were combined by a stainless-steel holder. The whole blood was pumped into the microchip using a microsyringe and the flow rates were controlled with a microsyringe pump (KD Scientific, Boston, MA; Model 200). All experiments were initiated with the microchannels filled with saline solution. An initial 10 μL fraction of the plasma was discarded in order to prevent contamination of the diluted plasma.
Results and Discussion
Microchannel patterns for the upper and lower plates are shown in Fig. 2 . Each microchannel had a width of 300 μm and a depth of 140 μm. The microchip consisted of only one inlet and two outlets for plasma and cell-rich phases, respectively. The effective length of the cross-flow was 312 mm. Although the two plates were originally thermally bonded at 650 C, the ODS group was damaged due to the high temperature. Therefore, the two plates were instead sealed by pressure utilizing a stainlesssteel holder. Even if a gap existed between the two plates and the membrane, Laplace pressure would prevent leakage of liquid through the gap. A fluorescent solution was used to confirm that there was no leakage of liquid.
It has been reported that axial migration occurs when the average shear rate is greater than 100 s -1 . 38 Shear rate γ is expressed as
where Q and r correspond to the volumetric flow rate and hydrodynamic radius, respectively. As the volumetric flow rate increases, the shear rate and flux through the filter increase. The axial migration in the microchannels was verified under microscopic observation when the average shear rate was 45, 110, and 220 s -1 , which correspond to 2, 5, and 10 μL min -1 , respectively. The blood flow images in the branching point of the upper and lower microchannels are shown in Fig. 3 . When the average shear rate was 45 s -1 , all areas of the microchannels were filled with blood cells, resulting in no plasma layer because of low viscous lift force (Fig. 3a) . When the average shear rates were 110 and 220 s -1 , plasma layers, having the thicknesses of 47 and 57 μm, were observed near the wall (Figs. 3b and 3c) . The thickness of the plasma layer depended on the shear rate because the viscous lift force depends on the shear rate. The dependence of the thickness of the plasma layer on the microchannel length was not clearly observed. The uniform thickness of the plasma layer in all the microchannel walls with rectangle cross-sections was measured by the use of confocal microscopy. 39 The thickness of the plasma layer around the membrane was estimated from the images to be the same as that around the side wall. Figure 4 shows pictures of the blood collected from the outlets of the upper and lower microchannels in the case of an average shear rates of 220 s -1 . A 68-μL volume of plasma could be separated when the 200 μL of whole blood was pumped into the microchip. Blood cells were not observed in the blood from the lower microchannel.
Hemolysis should be prevented for correct blood analysis with minimal disturbance. [27] [28] [29] Hence, the hemolysis of the separated plasma in the microchip was analyzed by absorbance of hemoglobin using the Hemoglobin B Test (Wako, Tokyo, Japan). Figure 5 shows a calibration curve for hemoglobin. Open circles show the absorbance of the standard solutions (0.00, 0.05, 0.10, 0.15, and 0.30 g mL -1 ). Solid triangles and solid squares show the absorbance of the collected plasma from the microchip and hemolyzed whole blood. The hemoglobin concentration in the collected plasma was 2.5 μg mL -1 . This concentration is acceptable for almost all types of blood analyses. 28 The plasma separation utilizing a viscous lift force has two important parameters. One parameter is the pressure between the upper and lower microchannels, because the flux of plasma toward the lower microchannel depends on pressure. The dependence of the separation efficiency on pressure was examined by changing the hydrodynamic resistance. The other parameter is the shear rate, because a viscous lift force depends on shear rate. The dependence of the separation efficiency on 
where L and S correspond to the channel length and the cross A plasma layer was observed when the shear rates were 110 and 220 s -1 . Fig. 4 Pictures of the blood collected from the outlets of the upper and lower microchannels. A 68-μL volume of plasma could be separated when the 200 μL of whole blood was pumped into the microchip. section, respectively, and the subscripts m and c correspond to the microchannel and capillary, respectively.
The hydrodynamic resistances are controlled by changing the sizes of the capillaries at the outlets. As the ratio R1/R2 increases, the separation efficiency is expected to increase. The viscosity of blood depends on the hematocrit and flow velocity. In this experiment, the viscosities of the cell-rich phase and the plasma phase were assumed to be 5.0 and 1.6 mPa s -1 , respectively.
38 Figure 6 shows the dependence of the separation efficiency on the hydrodynamic resistance ratio when 200 μL of whole blood was pumped into the microchip. The separation efficiency is defined as the ratio between the volumes of the collected plasma from the outlet of the microchip and the total plasma calculated from a hematocrit of 45%. Although the separation efficiency was high under a high R1/R2, hemolysis was observed at a R1/R2 of 0.36 and 0.48. The percentage of the plasma separated without hemolysis of cells at a R1/R2 of 0.29 was 65%. Since blood cells are hemolyzed under high shear rate conditions due to high pressure, not only the separation efficiency but also hemolysis was examined. Figure 7 shows the dependence of the separation efficiency on the shear rate at a R1/R2 of 0.29 when 200 μL of whole blood was pumped into the microchip. In the microchip, 65% of the total plasma was separated without hemolysis of cells when the shear rate was 220 s -1 . This result means that 68 μL of plasma could be separated from 200 μL of whole blood in 20 min. In other words, 3 μL of plasma can be obtained from 10 μL of whole blood per minute. Therefore, a sufficient amount of blood could be collected by finger stick instead of having to use a syringe for taking blood samples. Blood samples normally show various hematocrits, viscosities, and concentrations of proteins and lipids, which influence the deformability and aggregation of the erythrocytes. The axial migration of blood cells is also affected by the individual characteristics of a blood sample. However, although the separation efficiency may be reduced, a sufficient volume for the analysis can be obtained without hemolysis, at least in principle. When the whole blood is filtered by the Cyclopore in usual usage, the filter is rapidly clogged and hemolysis occurs. Therefore, our method is preferable to the usual usage.
In order to demonstrate the performance of the plasma separation method, the plasma separation microchip was interfaced with a micro-ELISA system and then applied to CRP analysis. Since the micro-ELISA system can analyze blood using a smaller sample volume (1/10 the volume required using the conventional method) for shorter analysis time (1/20 the time required using the conventional method), 9 integration of the plasma separation microchip and micro-ELISA led to rapid blood analysis from small volumes of blood. The micro-ELISA system showed good performance for measurement of the CRP. 40 In order to evaluate the experimental system, we analyzed the CRP concentrations in plasma separated using the microchip and by centrifugation. Three microliters of the separated plasma were measured and introduced into the micro-ELISA system. Figure 8 shows the dependence of the thermal lens microscope (TLM) signal intensity on the CRP concentration. The TLM signal for the plasma separated using the microchip was compared to that obtained for plasma separated by centrifugation. We obtained blood analysis of 200 μL of blood in 25 min of total analysis time. However, protein adsorption onto the Cyclopore membrane in two steps has been reported. 41 The first step is a rapid initial blocking, and the second step is an external blocking. Therefore, a surface modification for preventing non-specific adsorption is necessary for the analysis of analytes at low concentrations.
In this paper, the principle of plasma separation utilizing viscous lift force in a microchip was verified and an immunoassay for CRP was demonstrated. We realized fast blood analysis with a small volume of blood, only 3 μL of plasma from 200 μL of blood. By optimizing the structures for reducing the dead-volume, the immunoassay can be realized with 10 μL of blood obtained by finger stick. Blood analysis thus becomes applicable to neonates, the elderly, and small animals.
Conclusions
A plasma separation method utilizing axial migration caused by viscous lift force and cross-flow filtration in a microchip was developed. Cell-free plasma without hemolysis was obtained from 200 μL of whole blood at a plasma separation volume percentage of 65%. The separated plasma was connected with an automatic micro-ELISA system and applied to CRP analysis. The measured signal of plasmas separated by the microchip corresponded with that obtained for plasma separated by centrifugation. The present microchip utilizing viscous lift force can therefore become a powerful tool for low-volume whole blood analysis (<100 μL). Our method is expected to contribute to point-of-care blood analysis through the integration of pretreatment and analysis on a chip.
